I. INTRODUCTION
The penetration of renewables such as photovoltaics (PVs) and wind turbines, and other types of resources such as plugin hybrid electrical vehicles (PHEVs), are steadily increasing in power distribution systems and this trend will, no doubt, continue in the future. For instance, the penetration levels of energy from renewables is expected to be as large as 20 % by 2030 in US. The European Union has the same target for primary energy consumption to come from renewable resources [1] . This has changed the established practice of "install and forget" approach in these systems. The new resources bring additional advantages and, at the same time, complexities in terms of system operation. Power distribution systems need to be operated within tight voltage limits, and the intermittent nature of the power outputs of the PVs in particular, cause overvoltage problems [2] . Traditionally, to keep voltage magnitudes within limits, control approaches include the use of tap-changing transformers and capacitor banks [3] . However, these devices rely on mechanical switching that imposes severe constraints. Studies have shown that with PVs present in distribution systems the number of tap changes increase dramatically [4] which reduces the lifetime of the mechanical taps.
Smart inverters can also be used in system operation to mitigate voltage deviations [5] . They are generally connected to the DERs (distributed energy resources), and they can support reactive power in accordance with their apparent power. In most cases the installations of DERs are at the outskirts of the distribution systems. If a bus that experiences overvoltage or undervoltage conditions is far away from the bus that has a smart inverter-based DER, the latter might not be able to bring the voltage level within the limits. One way around this problem is to have many smart inverters (and DERs) installed around the system. However, this may not be practical and will likely be prohibitively expensive. Hence, new cost-effective solutions need to be investigated.
One idea to overcome the problem of limited voltage control is to change the magnetic reactances of the voltage regulators in the system. This can be done by changing the properties of their magnetic circuits using bias magnetic flux. Continuous and coordinated control of these reactances may improve the voltage quality, and help the system to remain within secure operation limits. This paper investigates the approach by simulating different scenarios on a modified IEEE 123 Bus Distribution Test System.
Simulations have been performed using OpenDSS [6] , [7] in conjunction with MATLAB. The model requires the solution of a distribution system optimal power flow for which several different approaches have been proposed. One of the earlier studies in distribution systems, aimed at solving the capacitor placement problem [8] by using a decomposing approach. One other study [9] , combined quadratic programming and sectioning algorithm. In [10] , optimization problem was linearized, and solved with the help of system sensitivity coefficients, by solving a mixed integer linear programming algorithm. Solutions were obtained for every 15 mins. Mixed integer linear program was converted to a nonlinear programming problem in [11] . A nonlinear programming based dynamic optimal power flow approach was applied in [12] .
The optimization algorithm used in this paper uses Augmented Lagrangian Multipliers based on our recent paper [13] . It transforms the constrained optimization problem into an unconstrained one. By using linearized power flow equations, the unconstrained problem is solved by a derivative free Powell Method [14] with the help of Golden Section Method [15] .
In the simulations, two different cases are considered: the first case uses the traditional voltage regulator tap positions; the second case uses the new approach by changing magnetizing currents of the regulators in the system. A modified IEEE 123 Bus Distribution Test System with installed PVs is simulated over a course of a day.
The contributions of this paper are the following:
• Simulation of the changes in the magnetizing reactances of the regulators by changing their magnetizing currents to control voltage deviations.
• Illustration and comparison of the results when taps, and magnetizing currents of the regulators are changed respectively.
II. OPTIMIZATION MODELS
The two optimization models to solve voltage control problem in 3-phase unbalanced systems are given below. The first model only controls the tap changers of the voltage regulators while the second model uses only the currents of the magnetizing reactances of the regulators as the control variables. The objective functions in both models are same: make the system bus voltage magnitudes as close to 1 pu as possible. Also, in both models, the lower and upper limits for the bus voltage magnitudes were selected as 0.97 and 1.05 pu, respectively. In the first model, the lower and upper limits for the regulator tap positions are -16 and +16 respectively. In the second model, the lower and upper limits of the regulator magnetizing currents are 0 and Imag max , respectively, where Imag max represents the percentage of the magnetizing current with respect to the nominal current. Other details of the models:
• The first model with tap changers is solved every minute, if the voltage magnitudes of the system buses are out of the limits. PVs' reactive control, and magnetizing current control are not considered.
(1)
• The second model with magnetizing currents of the reactances is also solved every minute, if the voltages in the system are out of the limits. PVs' reactive control and tap changer control are not considered.
In both models the following notation is used: V i , Tap i , imag i represent voltage magnitude of bus i, Tap position of the i th regulator, magnetizing current of the reactance of the i th regulator, respectively. N bus is number of buses in the system.
A. Augmented Lagrange Multiplier Method
Augmented Lagrangian Multiplier Method was selected for solving the optimization problems. In a general form, the optimization problems may be expressed as [16] :
where n, l, and m, represent the number of variables, the number of equality constraints, and the number of inequality constraints, respectively. Transforming this problem into an unconstrained one results in the following function:
where, λ represents the multipliers associated with the equality constraints, β represents the multipliers associated with the unequality constraints, and r h and r g are penalty multipliers. By using the above, the optimization models expressed in (1), and (2) can be represented as:
The process, then, uses the predetermined values of β and r g , solves the F function, and obtains new solutions. Powell Method [14] is used to solve the unconstrained optimization problem. The search direction to be used in the Powell Method is determined with the help of Golden Section Method [15] . Then, the multipliers are updated according to the following expression:
where, q, q * , and C h , represent, iteration number, solution at that specific iteration number, and scaling value, respectively. This process continues, until a predefined stopping criterion is met.
B. Sensitivity Calculation
Linearization is also applied in the optimization process. The voltage increase at bus i can be specified similar to [10] for the optimization models in (1) and (2):
and
respectively. Where V i is the i th bus voltage magnitude, ∆V is the corresponding voltage change, K T is the sensitivity of the tap changes, ∆T is the change in tap positions, K M is the sensitivity of the magnetizing current percentage changes, and ∆Imag is the change in magnetizing current percentages.
During simulations, K T , and K M can be obtained by using numerical calculations of the derivatives. For instance, K T is calculated as follows: Initially, the program runs a power flow with specific tap positions. Then, the position of the tap whose sensivity is to be calculated is increased by one (this increment is a smaller number in K M 's case) and the program runs another power flow. The differences in the results of the two power flows are divided by the increment (one for this case) and the sensitivity vector for one tap position is obtained.
C. Pseudo-code of The Algorithm
The main steps of the optimization process are given in Algorithm 1 based on [13] : 
III. TESTS AND RESULTS
The two optimization models were tested on the modified IEEE 123 Bus Distribution Test System [17] . The same set of multiple single phase PVs (36) to the original system as in [13] . The locations and phases of the PVs added to the system are [13] In order to create realistic conditions the power ouputs of the 36 installed PVs were determined based on the forecasting approach in [13] . That approach used the cloud coverage forecast data given as forecast images. Then it mapped the modified IEEE 123 Bus Test System on a small part of those cloud coverage forecast images. The azimuth and zenith angles were obtained using the time and latitude and longtitude information of all PVs. A dataset consisted of time (hour), cloud coverage, azimuth, and zenith angles information for each specific location was formed. Finally, by using neural networks, hourly irradiances forecasts were computed for each location, and power outputs were calculated based on equivalent PV circuits [13] . For all load nodes, the load profile given in [13] was used.
A. Case Studies: Magnetizing Current Control wih Different Limits
Several case studies were performed in order to evaluate the performance of changing the regulator magnetizing reactances for voltage control, and its comparison against the regulator tap changes. Two different constraint limits for imag max were simulated: 15% and 30%. Tap positions were set to 6 and kept constant during simulations for all different test cases. The results from these cases were compared to each other and to the results from the case with regulator tap changes. All simulations were performed from 8.21 AM until 11.59 PM. The bus with minimum voltage is bus 66, phase c as shown in Figure 2 . The simulation results show that the bus voltage at this is within the limits, except for a negligible value during evening hours.
The changes of magnetizing currents in percentages are shown in Figure (3) . It is obvious from the figure that these 2) Imag max limited to 30%: Compared with the previous case, the maximum bus voltage magnitude is at bus 11 phase a, in this case. Figure 4 shows the daily voltage profile at this bus when there is no control, and when Imag is controlled. 
C. Comparison of the Results
The mean voltage values and their standard deviations for the simulation results of all 4 different test cases are compared in Table I . From the table, the maximum deviation from the desired mean voltage output 1 is obtained when no control is applied. The best mean voltage deviations are obtained when the taps are controlled. However, this is obtained with a total number of 403 tap operations, and even such large number of operations is not sufficient to keep the voltage magnitudes within limits as shown in Fig 8. This case also produces a small standard deviation. For the cases with initial tap positions set to 6, as expected, the results for the cases when Imag is controlled gets better in terms of voltage deviation, as the Imag limit is increased. The mean values and standard deviations of active power losses and reactive power losses for all the test cases are shown in Table II . The changes in the mean active power losses and their standard deviations are not significant for all cases. However, reactive power losses for the cases when Imag is controlled are higher compared to the cases when only taps are controlled and no control is applied. IV. CONCLUSION In this paper a novel voltage control approach based on the changes of the magnetizing reactances of the voltage regulators for 3-phase unbalanced distributions systems is proposed. An Augmented Lagrangian based optimization model is used to determine the settings. Several tests with different Imag settings were performed to see the effects on the daily voltage profile. Tests were performed on a modified IEEE 123 Bus Distribution Test System with 36 different PVs. From the results it may be concluded that by using this novel approach voltage profiles may be improved at a cost of reactive power loss increase. In the future, we are plan to use this approach combined with traditional voltage control devices to obtain flat voltage profiles with as small number of mechanical operations as possible and minimum loss increase.
